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Abstract 
Selenoprotein P and glutathione peroxidase are selenoproteins that are synthesized by hepatocytes. The production of these 
selenoproteins by human and :rat liver cell lines has been assessed at several evels of selenium supplementation a d compared with one 
another. HepG2 and H4IIE cells were cultured in serum-free medium without selenium supplementation for 48 h; then sodium selenite 
was added to the medium to give final concentrations of 0, 1, 2.5, 5, or 10 ng selenium/ml medium. After 48 h, selenoprotein P 
concentration i  the medium, cellular glutathione peroxidase activity, and the mRNA levels of the two selenoproteins were determined. 
Selenium deficiency caused a decrease in selenoprotein mRNA and protein levels. The extent of decrease depended on the cell line 
examined. In selenium-deprived HepG2 cells, selenoprotein P release decreased to 10% of the release by selenium-replete c lls. Under 
the same conditions, cellular glutathione peroxidase activity decreased to 33%. H4IIE cells showed the opposite results with cellular 
glutathione peroxidase activity decreasing to 13% and selenoprotein P release decreasing to 40% of selenium-replete c lls. The effect of 
dithiothreitol on secretion of selenoprotein P by H4IIE cells was examined. Selenoprotein P secretion was inhibited by dithiothreitol, 
suggesting that disulfide bond formation is necessary for secretion of the mature protein. 
Keywords: Selenium; Selenoprotein P; Glutathione peroxidase; Cultured cell 
1. Introduction 
Growth of cells requires the presence of selenium in the 
culture medium. Selenium exerts its effect largely through 
selenoproteins. Studies in ,cultured cells have examined the 
effect of selenium deprivation on the selenoprotein glu- 
tathione peroxidase (Table: 1). These studies have shown a 
direct correlation between selenium supplementation f the 
medium and the level of glutathione peroxidase present in 
the cell. The recent report of Gross et al. [1] comparing 
glutathione peroxidase and type I iodothyronine 5'-de- 
iodinase expression demonstrated that selenium depletion 
and supplementation affect the two selenoproteins differ- 
ently. This report and others have shown that there is a 
hierarchy among selenoproteins for utilization of available 
selenium [2,3]. 
In order to determine the suitability of cultured cells for 
the study of metabolic effects of selenium in the liver, the 
production of selenoprotein P and cellular glutathione per- 
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oxidase was examined in human and rat liver cell lines. 
HepG2 cells, derived from a human hepatoblastoma, and 
H4IIE cells, derived from a rat hepatoma, were studied. 
These cell lines were chosen because the liver is the major 
site of selenoprotein P synthesis [4]. The effect of short- 
term selenium deprivation and supplementation on the 
production of the two selenoproteins was determined in 
these two cell lines. Measurement of protein production 
and message levels allowed comparison of selenium ef- 
fects on the two selenoproteins. 
2. Methods 
2.1. Culture conditions 
HepG2 and H4IIE cells were maintained in Dulbecco's 
modified Eagle's medium (DMEM) containing 2.5 g glu- 
cose per liter, non-essential mino acids, sodium pyruvate, 
penicillin-streptomycin, L-glutamine. HepG2 medium was 
supplemented with 10% fetal bovine serum, while H4IIE 
medium was supplemented with 2.5% fetal bovine serum 
and 10% horse serum. For selenium dose-response experi- 
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ments, the cells were split 1:24 into 100 mm plastic petri 
plates and fed serum-containing medium. Three days later, 
the plates were rinsed twice with PBS and 5 ml serum-free 
DMEM was added. 48 h later, the cells were refed and 
graded amounts of selenium were added. Selenium in the 
form of sodium selenite was dissolved in serum-free 
medium at 100 x immediately prior to addition to the 
cells. Medium and cells were collected 48 h later. Cells 
were suspended in 1 ml of 0.1 M potassium phosphate, pH 
7.0, sonicated and centrifuged at 12300 × g for 15 rain. 
For protein folding studies, H4IIE cells were split 1:32 
into 60 mm plastic Petri dishes with RPMI 1640 contain- 
ing non-essential amino acids, sodium pyruvate, 
penicillin-streptomycin, L-glutamine and 10% fetal bovine 
serum. When the cells were approx. 90% confluent, the 
medium was removed and one ml of cysteine-free RPMI 
1640 containing non-essential mino acids, sodium pyru- 
vate, penicillin-streptomycin, L-glutamine and 10% fetal 
bovine serum was added to each plate. The cells were 
incubated in cysteine-free medium for 20 min at 37°C 
prior to rinsing and adding 1 ml of cysteine-free medium 
containing 40 I.zCi of 35S-cysteine to each dish. When 
dithiothreitol (DTT, 2 mM final concentration) was added, 
it was added one min prior to the addition of 35S-cysteine. 
Cells were incubated with 35S-cysteine for 10 min at 37°C 
(pulse period). The medium was removed and fresh RPMI 
1640 medium was added, with or without DTT as required 
(described in the figure legend). Cells were then incubated 
at 37°C for a chase period of 1 h. After the chase period 
(or the pulse period as required by the experiment), the 
medium from each plate was collected and 0.1 ml of 1 M 
iodoacetamide was added to it (final concentration of 
iodoacetamide was 0.091 M). One ml of RPMI 1640 
medium containing 0.1 M iodoacetamide was added to 
each plate and the plate was placed on ice for 10 min. One 
ml of lysis buffer (140 mM NaCI, 4 mM KC1, 0.7 mM 
NazHPO 4, 5 mM glucose, 24 mM Tris-HCl, pH 7.4, 1% 
Nonidet P-40, 0.5% sodium deoxycholate, 10 mM EDTA, 
and 1 mM PMSF) was added to the iodoacetamide-treated 
cells and the cells were stored on ice. The lysed cells were 
centrifuged at 2000 × g briefly. Selenoprotein P was im- 
munoprecipitated from the cell supernatants and from the 
medium above the cells by reaction with the polyclonal 
antibody #455 (described below). The selenoprotein P-an- 
tibody #455 complex was precipitated with Protein A- 
Sepharose. The selenoprotein P-containing precipitate was 
washed in PBS containing 1% Triton X-100 and 0.5% 
sodium deoxycholate. The selenoprotein P was dissolved 
in SDS sample buffer (62.5 mM Tris, pH 6.8, 2% SDS, 
10% glycerol and 0.1% bromophenol b ue). Samples were 
then electrophoresed on 15% polyacrylamide g ls [5]. The 
gels were stained with Coomassie blue to visualize the 
protein. After drying, the gels were exposed to a Phospho- 
rlmager cassette and the radioactivity was detected using a 
Phosphorlmager (Molecular Dynamics, Sunnyvale, CA). 
The results of Lodish [6] were replicated using an anti rat 
albumin polyclonal antibody (Accurate Chemical and Sci- 
entific Corp., Westbury, NY) as a positive control. In 
experiments where cycloheximide was added to inhibit 
protein synthesis, the pulse period was increased to 60 min 
and cycloheximide (3 p~g/ml) was added during the last 
10 min of the pulse period. During the chase period, the 
cycloheximide concentration was increased to 6 Ixg/ml. 
2.2. Assays 
The glutathione peroxidase activity was measured in the 
cell supematant using 0.25 mM H202 as substrate [7]. 
Selenoprotein P was measured in the cell culture medium 
by radioimmunoassay [8].Because antibodies raised against 
rat selenoprotein P do not cross-react with the human 
protein and vice-versa, different antibodies were used to 
measure the two proteins. Antibody #143 was used for 
measurement of rat selenoprotein P and antibody #296 
Table 1 
Studies of cellular glutathione peroxidase activity in cultured cells deprived of selenium ~ 
Cell line Medium Duration ~ Measurements % GPX c Ref. 
Hep3B serum-free 
HL-60 serum-free 
HL-60 serum-free + selenite (5ng/ml) 
LLC-PK a serum-free __+ selenite (0-5000 nM) 
LI210, HL-60 1% FCS 
9 cell lines: 2% FCS (6 nM Se) + selenite 
human and mouse (10-5000 riM) 
7 cell lines, all human 2.5%FBS __+ selenite (6-250 nM 
HUVEC 10%FCS + Semet, hyperoxia 
10 days cGPX activity,mRNA, transcription rate 7 [ 13] 
14 days cGPX activity, hexose monophosphate shunt, cell 1-3 [14] 
motility, ingestion 
20 days cGPX activity, protein mRNA, transcription rate 4 [15] 
4 days cGPX activity, mRNA; 5'DI activity, mRNA; Se-P mRNA 5 [1] 
21 days cGPX, PHGPX, CAT, SOD, GSH 4,17 [11] 
10 days - Se, cGPX activity 5-50 d [12] 
11 days + Se 
5-7 days cGPX activity, protein, eGPX protein, mRNA 9-11 d [ 16] 
48 h cGPX activity, mRNA, monosomes, polysomes 50 [17] 
Abbreviations: FCS, fetal calf serum; FBS, fetal bovine serum; Semet, selenomethionine; cGPX, cellular glutathione peroxidase; GPX, extracellular 
glutathione peroxidase; PHGPX, phospholipid hydroperoxide glutathione peroxidase; 5'DI, iodothyronine 5'-deiodinase; Se-P, selenoprotein P; CAT, 
catalase; SOD, superoxide dismutase. 
b Time in culture without selenium supplementation. 
c Percentage of GPX activity measured in cells supplemented with selenium. 
d Dependent on cell line. 
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was used for measuremen~I of human selenoprotein P. 
Radioimmunoprecipitation of selenoprotein P was per- 
formed using polyclonal antibody #455. For H4IIE cells, 
1 unit of selenoprotein P equals 1 ~g of protein [9]; for 
HepG2 cells, 1 unit is estimated to equal 3.3 I~g of protein 
[8]. Using these values, the two cell lines secreted similar 
amounts of selenoprotein P protein into the medium. 
2.3. Antibodies 
Polyclonal antibodies (#143, #455 and #296) were 
raised in New Zealand White female rabbits. Two rabbits 
(2-3 kg) were immunized with immunoaffinity purified rat 
selenoprotein P for the production of antibodies # 143 and 
#455. One rabbit (2-3 kg) was immunized with im- 
munoaffinity purified human selenoprotein P for the pro- 
duction of antibody #296. The antigen solution was mixed 
with an equal volume of Thermax (Vaxcel, Norcross, GA). 
50 I~g of protein in 100 ILl of Titermax emulsion was 
divided in half and injected into the quadriceps muscle. 
Two booster shots containing the same amount of antigen 
were given at one month intervals. Serum from the termi- 
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Fig. 1. Response of selenoproteins in H4IIE and HepG2 cells to selenium 
supplementation. Selenoprotein P concentration (4b) and cellular glu- 
tathione peroxidase activity (12) Each symbol is the mean of three 
experiments with duplicate plates in each experiment. 1 SD is shown by 
the error bar. Values with an asterisk are statistically different than the 10 
ng value (P < 0.05). 
2.4. RNA isolation 
RNA was prepared from the cells after the medium was 
removed and they were rinsed with PBS. Guanidine thio- 
cyanate reagent (4 M, [2]) was added to the cells. Cells 
were suspended in the reagent and then forced through a 
21 gauge needle four times to shear the DNA. The guani- 
dine thiocyanate mixture was layered on 5.7 M cesium 
chloride and centrifuged at 150 000 X g for 16-18 h. Total 
RNA was isolated from the pelleted material and stored at 
-70°C until analysis. Nozthern analysis was performed as 
described [2]. The RNA was quantitated by scanning the 
autoradiographs and the density of each signal was deter- 
mined. Densities were normalized to that obtained for the 
constitutive probe pA6. Selenoprotein P cDNA was cloned 
in our lab, cellular glutathione peroxidase cDNA was 
obtained from Dr. N. Imura, Kitasato University, Tokyo, 
Japan and pA6 was obtained from Dr. A. Diamond, Uni- 
versity of Chicago. 
3. Results and discussion 
Selenoprotein P and glutathione peroxidase activity lev- 
els in response to the selenium supplementation in cultured 
human (HepG2) and rat (H4IIE) liver cells are shown in 
Fig. 1. Glutathione peroxidase activity was similar in the 
two cell lines when they were supplemented with 10 ng 
selenium/ml medium (16 + 2 nmol NADPH oxidized/mg 
protein- min and 22 _ 2 nmol NADPH oxidized/mg pro- 
tein- min for HepG2 and H4IIE cells, respectively). H4IIE 
cells exhibited a dose-dependent i crease in glutathione 
peroxidase activity with increasing selenium until reaching 
a plateau when supplemented with 5 or 10 ng selenium/ml 
medium. Glutathione peroxidase activity in HepG2 cells 
plateaued when selenium was supplemented at levels of 1 
ng/ml and greater. This plateau in glutathione peroxidase 
activity has been observed in vivo and has been used to 
determine the dietary requirement for selenium. 
Selenium depletion caused a decrease to 13% and 33% 
of the glutathione peroxidase activity measured in H4IIE 
and HepG2 cells cultured with 10 ng selenium/ml medium, 
respectively. Cellular glutathione peroxidase mRNA levels 
decreased in H4IIE and HepG2 cells when no selenium 
was added to the medium (Fig. 2). RNA levels did not 
decrease to the same extent as did enzymatic activity, but 
the relative decrease in mRNA level was greater in H4IIE 
cells than in HepG2 cells. Thus glutathione peroxidase 
activity and mRNA levels appear to be more sensitive to 
selenium depletion in H4IIE cells than in HepG2 cells. 
Selenoprotein P release from HepG2 cells cultured in 
selenium-free medium was 10% of the release measured in
HepG2 cells cultured in medium supplemented with 10 ng 
Se/ml medium (Fig. 1). Selenoprotein P release from 
selenium-depleted H4IIE cells decreased to 40% of the 
value of cells supplemented with 10 ng Se/ml medium 
(Fig. 1). Selenium depletion did not cause a significant 
decrease in H4IIE selenoprotein P mRNA level, but it did 
decrease selenoprotein P message level in HepG2 cells 
(Fig. 2). Therefore selenoprotein P mRNA levels and 
protein production appear to be more sensitive to selenium 
depletion in the HepG2 cell line than in the H4IIE cell 
line. 
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Fig. 2. Response of selenoprotein mRNA in H4IIE and HepG2 ceils to 
selenium supplementation. Selenoprotein P mRNA (0 )  and cellular 
glutathione peroxidase activity ([]) Each symbol is the mean of three 
experiments with duplicate plates in each experiment. 1 SD is shown by 
the error bar. Values with an asterisk are statistically different than the 10 
ng value (P < 0.05). 
After characterization f H4IIE cells in terms of their 
ability to synthesize and secrete selenoprotein P, the path- 
way for production of the protein was studied in more 
detail using these cells. The selenoprotein P cDNA indi- 
cates the presence of a signal peptide. This type of signal 
peptide directs the ribosome to the endoplasmic reticulum 
where docking of the mRNA-ribosome complex results in 
secretion of the nascent peptide into the endoplasmic 
reticulum as it is synthesized. Once in the endoplasmic 
reticulum, disulfide bond formation, protein folding and 
glycosylation occur. The folded protein is shuttled to the 
Golgi apparatus for trimming of the carbohydrate prior to 
secretion of the mature protein into the extracellular milieu 
[101. 
We examined the effect of dithiothreitol (DTT) on 
selenoprotein P synthesis and secretion by H4IIE cells. 
Experiments by Lodish and coworkers have shown that 
DTT treatment of HepG2 cells blocked disulfide bond 
formation in newly synthesized albumin in the endoplas- 
mic reticulum and resulted in interruption of albumin 
secretion [6]. Removal of DTT allowed albumin disulfide 
bonds to be formed and the protein to be secreted in a 
normal manner. A similar protocol was followed using 
H4IIE cells to study selenoprotein P folding and secretion 
(Fig. 3). Proteins synthesized by H4IIE cells were labeled 
with 35S-cysteine for 10 rain (pulse period) in the presence 
or absence of DTT followed by a chase period of 60 rain 
again in the presence or absence of DTT. When DTT was 
present during both the pulse and chase, an unfolded, 
reduced form of albumin was detected in the cell lysate as 
reported by Lodish (Fig. 3A, lane 6). No selenoprotein P 
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Fig. 3. Effect of DTT on secretion of 35S-labeled albumin (panel A) and selenoprotein P (panel B,C). Panel C shows the effect of cycloheximide on 
secretion of selenoprotein P. Cycloheximide was added during the final 10 min of the pulse period and throughout the chase period. DTF was present ( + ) 
or absent ( - )  during the chase and/or pulse as indicated. There was no chase period for lanes 1 and 2. Mol wt markers are shown on the left in kDa. 
Lanes 1-6 are cell lysates and lanes 7-10 are chase medium. 
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(Fig. 3B, lane 6). Removal of DTT from the medium 
during the chase period resulted in secretion of immuno- 
logically-reactive selenoprotein P (Fig. 3B, lane 9). To 
assess whether the protein secreted uring the DTT-free 
chase was produced uring the DTT-containing pulse pe- 
riod, cycloheximide was added during the DTT-free chase 
period to inhibit new protein synthesis. Immunologically- 
reactive selenoprotein P was detected in the medium fol- 
lowing the cycloheximide-containing, DTT-free chase pe- 
riod (Fig. 3C). Thus, selenoprotein P synthesized uring 
the presence of DTT was not secreted into the medium; 
nor was it detected in cell lysates. However, removal of 
the DTT concurrent with inhibition of protein synthesis by 
cycloheximide resulted in secretion of an immunoreactive 
form of selenoprotein P. There are at least two plausible 
explanations for these results. One potential explanation 
for the failure to detect selenoprotein P in the cell lysates 
of DTT-treated cells is that disulfide bond formation is 
critical for folding and secretion of selenoprotein P and the 
resulting unfolded, reduced form of selenoprotein P in the 
cell is not immunoreactive with the polyclonal antibody 
used. It is also possible that the protein formed during 
DTT treatment was glycosylated ifferently from mature 
selenoprotein P and was not immunoreactive as a result. 
Thus our experiments demonstrate that DTT treatment 
results in the production of an intermediate form of seleno- 
protein P that is not secreted by the cultured H4IIE cell but 
can be processed to a form that can be secreted. 
Selenium deficiency results in decreased levels of se- 
lenoprotein production by the cell at all levels, i.e., in vivo 
in the whole animal anti in vitro in the cultured cell. 
Several studies have examined the effect of selenium 
depletion on production of glutathione peroxidase in cul- 
tured cells. Table 1 shows the cell lines that have been 
studied and the duration of selenium depletion examined. 
Most of the work has been done in cell lines derived from 
human tissues, with only two mouse cell lines and one pig 
line being examined [1,11,12]. In all the studies, cellular 
glutathione peroxidase activity was measured and was 
found to decrease when selenium was removed from the 
medium. The rapidity and extent to which cellular glu- 
tathione peroxidase activity decreased depended on the cell 
line being studied. Cellu!lar glutathione peroxidase is used 
routinely to assess selenium deficiency. This study is a 
direct comparison of cell lines derived from human and rat 
liver. The length of selenium depletion was 48 h prior to 
selenium repletion of 48 h. Control cells received no 
selenium supplementation a d were deprived of selenium 
for 96 h. Thus, the experiments reported here show that 
short term selenium depletion, i.e., 4 days in serum-free 
medium resulted in decreases in cellular glutathione perox- 
idase activity comparable to those obtained previously 
where depletion periods were longer (see Table 1). 
In vivo, selenoprotein P and glutathione peroxidase are 
regulated ifferently by ,;elenium availability [3]. In the rat, 
glutathione peroxidase activity decreases more rapidly and 
to a greater extent than does selenoprotein P [3]. In the 
human, limited dietary intake of selenium results in de- 
creased plasma glutathione peroxidase activity and seleno- 
protein P levels compared with the levels measured in 
people with adequate dietary selenium intakes [8]. The 
studies presented here demonstrate that in cultured cells 
from rat and human liver both selenoprotein P secretion 
and cellular glutathione peroxidase activity decrease in 
response to selenium depletion. However, the extent of the 
decrease is dependent on the cell line examined. HepG2 
cells showed a greater percentage decrease in selenopro- 
tein P secretion than in glutathione peroxidase activity, 
while the reverse was found in H4IIE cells. In vivo, 
selenium levels, glutathione peroxidase activity and se- 
lenoprotein P levels in plasma are lower in humans than in 
rats [9,8]. While rats can be made severely selenium-defi- 
cient with glutathione peroxidase levels less than 1% of 
selenium-adequate rats, humans have not been depleted of 
selenium to the same extent. Under the conditions used in 
these experiments, the human cell line showed a greater 
decrease in glutathione peroxidase activity than the de- 
crease in selenoprotein P secretion while the rat cell line 
showed a greater decrease in selenoprotein P secretion 
than the decrease in glutathione peroxidase activity when 
selenium was depleted. In humans, plasma selenium levels 
and plasma selenoproteins are lower than the levels mea- 
sured in rats. Thus, it is difficult to extrapolate from the in 
vivo situation to cultured cells and it is difficult to extrapo- 
late from one cell line to another. 
Acknowledgements 
This project was supported by grant numbers ES02497, 
ES06093, ES00267, DK26657 and T32 ES07028 from the 
National Institutes of Health. Kevin Cockell carried out 
preliminary experiments with HepG2 cells under 
selenium-deficient conditions. 
References 
[1] Gross, M., Oertel, M. and KiShrle, J. (1995) Biochem. J. 306, 
851-856. 
[2] Hill, K.E., Lyons, P.R. and Burk, R.F. (1992) Biochem. Biophys. 
Res. Commun. 185, 260-263. 
[3] Yang, J.-G., Hill, K.E. and Burk, R.F. (1989) J. Nutr. 119, 1010- 
1012. 
[4] Hill, K.E. and Burk, R.F. (1994) in Selenium inBiology and Human 
Health (Burk, R. F., ed.) pp. 118-13l, Springer Verlag, New York. 
[5] Laemmli, U,K. (1970) Nature 227, 680-685. 
[6] Lodish, H.F. and Kong, N. (1993) J. Biol. Chem. 268, 20598-20605. 
[7] Lawrence, R.A. and Burk, R.F. (1976) Biochem. Biophys. Res. 
Commun. 71,952-958. 
[8] Hill, K.E., Xia, Y., ,~kesson, B., Boeglin, M.E. and Burk, R.F. 
(1996) J. Nutr. 126, 138-145. 
[9] Read, R., Bellew, T., Yang, J.-G., Hill, K. E., Palmer, I. S. and 
Burk, R.F. (1990) J, Biol. Chem. 265, 17899-17905. 
34 K.E. Hill et al. / Biochimica et Biophysica Acta 1313 (1996) 29-34 
[10] Pelham, H.R.B. (1989) Annu. Rev. Cell Biol. 5, 1-23. 
[11] Lin, F., Jackson, V.E. and Girotti, A.W. (1995) Arch. Biochem. 
Biophys. 317, 7-18. 
[12] Sandstrtim, B.E.R., Carlsson, J. and Marklund, S.L. (1987) Biochim. 
Biophys. Acta 929, 148-153. 
[13] Baker, R.D., Baker, S.S., LaRosa, K., Whitney, C. and Newburger, 
P.E. (1993) Arch. Biochem. Biophys. 304, 53-57. 
[14] Speier, C.. Baker, S.S. and Newburger, P.E. (1985) J. Biol. Chem, 
260, .8951-8955. 
[15] Chada, S., Whitney, C. and Newburger, P.E. (1989) Blood 74, 
2535-2541. 
[16] Avissar, N., Kerl, E. A., Baker, S.S. and Cohen, H.J. (1994) Arch. 
Biochem. Biophys. 309, 239-246. 
[17] Jornot, L, and Junod, A.F. (1995) Biochem. J. 306, 581-587. 
